Prion diseases are devastating neurodegenerative disorders with no known cure. One strategy for developing therapies for these diseases is to identify compounds that block conversion of the cellular form of the prion protein (PrP C ) into the infectious isoform (PrP Sc ). Most previous efforts to discover such molecules by high-throughput screening methods have utilized, as a read-out, a single kind of cellular assay system: neuroblastoma cells that are persistently infected with scrapie prions. Here, we describe the use of an alternative cellular assay based on suppressing the spontaneous cytotoxicity of a mutant form of PrP (⌬105-125). Using this assay, we screened 75,000 compounds, and identified a group of phenethyl piperidines (exemplified by LD7), which reduces the accumulation of PrP Sc in infected neuroblastoma cells by >90% at low micromolar doses, and inhibits PrP Sc -induced synaptotoxicity in hippocampal neurons. By analyzing the structure-activity relationships of 35 chemical derivatives, we defined the pharmacophore of LD7, and identified a more potent derivative. Active compounds do not alter total or cell-surface levels of PrP C , and do not bind to recombinant PrP in surface plasmon resonance experiments, although at high concentrations they inhibit PrP Sc -seeded conversion of recombinant PrP to a misfolded state in an in vitro reaction (RT-QuIC). This class of small molecules may provide valuable therapeutic leads, as well as chemical biological tools to identify cellular pathways underlying PrP Sc metabolism and PrP C function. . 3 The abbreviations used are: PrP C , cellular isoform of the prion protein; PrP, prion protein; ⌬CR, ⌬105-125 deletion mutant of the prion protein; DBCA, drug-based cellular assay; DMSO, dimethyl sulfoxide; LD 50 , lethal dose 50%; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PK, proteinase K; PPS, pentosan polysulfate; PrP Sc , scrapie isoform of the prion protein; RML, Rocky Mountain Laboratory; RT-QuIC, real-time quaking-induced conversion; ScN2a, N2 cells persistently infected with scrapie prions; SPR, surface plasmon resonance; TMPyP, Fe(III) meso-tetra(N-methyl-4-pyridyl)porphine pentachloride; ThT, thioflavin T; LDDN, Laboratory for Drug Discovery in Neurodegeneration.
Prion diseases are fatal neurodegenerative disorders that are due to the conversion of a normal, neuronal glycoprotein (PrP C ) 3 into an infectious isoform (PrP Sc ) that propagates itself by an autocatalytic templating process (1, 2) . In addition to their intrinsic interest to biologists, prion diseases are of enormous medical and public health concern. A global epidemic of bovine spongiform encephalopathy, a prion disease of cattle, emerged in the 1980s and 1990s, resulting in contamination of food supplies and transmission of the disease to a small number of human beings (3, 4) . Prion contamination has also increased the risk of blood transfusions, and organ transplants (5) . Most recently, a prion-like process has been found to play a role in the CNS dissemination of misfolded proteins in more common neurodegenerative disorders, including Alzheimer's disease, Parkinson's disease, and tauopathies, and there is even evidence that these diseases can be spread between individuals by iatrogenic means (6, 7) .
There are currently no cures for prion diseases. A great deal of effort has been invested over the past 25 years in identifying compounds that block the conversion of PrP C into PrP Sc as a therapeutic strategy. Most of these efforts have used as a readout a single kind of cellular assay system: N2a neuroblastoma cells that are chronically infected with scrapie prions (designated ScN2a cells). N2a cells are one of the few cell lines capable of propagating prions, and they can maintain a chronic state of infection with no outward signs of cytotoxicity (8, 9) . A number of inhibitory compounds have been discovered with this assay, either by educated guessing, or by systematic screens of compound libraries consisting of up to several thousand entries (10, 11) . Although some of these compounds are able to prolong the incubation time between prion exposure and the onset of symptoms in mice, none of them prevents the eventual occurrence of disease, and none has proven effective in limited human trials (12, 13) . On a mechanistic level, there is evidence that many anti-prion compounds discovered in high-throughput screens of ScN2a cells do not interact with either PrP C or PrP Sc , and presumably target non-PrP molecules (14) . However, in virtually every case, the identity of these targets remains unknown, limiting the extension of target-based, drug discovery approaches beyond the PrP molecule itself.
In addition to blocking conversion of PrP C to PrP Sc , another possible strategy for treating prion diseases would be to inhibit downstream neurotoxic signaling pathways. However, there is very little known about how the interaction of PrP Sc with cellsurface PrP C results in pathogenic effects such as synapse loss (15) (16) (17) . We and others have found that expression in transgenic mice of PrP molecules harboring deletions spanning the central domain of the protein (residues 105-125) cause spontaneous neurodegenerative phenotypes that can be suppressed by co-expression of wild-type PrP (18 -20) . These mice have been the object of considerable interest, because they are likely to provide insights into PrP-mediated neurotoxic pathways. Our laboratory created mice with the most toxic (and paradoxically the shortest) of these PrP deletions, ⌬105-125 (referred to as ⌬CR) (for deletion of the central region) (18) . In the course of investigating what makes ⌬CR and the other deletion mutants so neurotoxic, we discovered that they induce spontaneous ionic currents, recordable by patch-clamping techniques, when expressed in cultured cell lines and neurons (21, 22) . Coincidentally, we also observed that these same mutant PrP molecules sensitize cells to the cytotoxic effects of certain antibiotics, including G418 and Zeocin, a phenomenon that may be related to enhanced uptake of these cationic antibiotics via the formation of membrane channels or pores (23, 24) .
In the present study, we have used suppression of this antibiotic hypersensitivity phenotype as a cellular read-out in a high throughput screen of a diverse, small-molecule library. Using this approach, we have discovered a new class of lead compounds, phenethyl piperidines, which display a dual activity: they suppress the toxicity of the deleted forms of PrP, and they also inhibit PrP Sc formation in ScN2a cells. The use of this novel cellular screening assay has allowed us to identify compounds that may have escaped detection in previous screens, and that may have value as therapeutic leads as well as chemical biological tools.
Results
Known Anti-prion Compounds Are Active in the DBCA-We previously described the drug-based cellular assay (DBCA) (23, 24) , which employs the antibiotic hypersensitivity of HEK cells expressing certain internally deleted forms of PrP, and the use of this assay to study PrP-related toxic mechanisms (25) (26) (27) . In the DBCA, HEK293 cells expressing a mutant form of PrP such as ⌬CR (⌬105-125) are exposed to either of two cationic antibiotics, G418 or Zeocin, for 3 days, after which cell viability is assessed by MTT reduction. Although untransfected cells, or cells expressing wild-type PrP, are able to survive antibiotic exposure for 7-10 days, cells expressing ⌬CR PrP are killed within 3 days. We previously showed that pentosan polysulfate (PPS), a known ligand for several regions within the flexible, N-terminal domain of PrP C (28, 29) , suppressed the antibiotic hypersensitivity of ⌬CR PrP-expressing HEK cells, and also blocked the spontaneous currents seen in these cells (21, 27) . Because PPS is also a well known inhibitor of PrP Sc formation in ScN2a cells (30) , we were led to test whether other anti-prion compounds were inhibitory in the DBCA.
Like PPS, Congo Red (31) and certain tetrapyrroles (32, 33) have been shown previously to reduce PrP Sc levels in ScN2a cells, effects that we confirm here. Consistent with these findings, we observed that PPS, Congo Red, and a cationic tetrapyrrole (TMPyP) (34) each inhibit accumulation of PrP Sc in RML scrapie-infected ScN2a cells after 1 week of treatment, as judged by a reduction in the levels of protease K (PK)-resistant PrP (Fig. 1, A and B) . Notably, we found that all three of these compounds also had inhibitory activity in the DBCA, as demonstrated by a decrease in G418-induced toxicity in HEK cells expressing ⌬CR PrP (Fig. 1, C and D) . The effect of TMPyP in the DBCA was recently reported by Massignan and colleagues (35) . Given this correlation between the inhibitory activity of compounds in ScN2a cells and in the DBCA, we decided to use the DBCA as the read-out in a high-throughput screen to see if we could discover previously unknown molecules that might also have anti-prion activity.
Identification of Additional Small Molecules That Restore Cell Viability in the DBCA-We adapted the DBCA to a 384well format to allow high-throughput screening of compound libraries (see "Experimental Procedures"). The optimized, high-throughput assay had a ZЈ factor of 0.71 Ϯ 0.09. As a source of small molecules, we used a large compound library compiled by the Harvard Laboratory for Drug Discovery in Neurodegeneration (LDDN), which consisted of commercial, NIH, and in-house sources. 75,000 compounds from the LDDN library were screened. A threshold of 50% inhibition of cell death was selected for identifying hits (Ͼ3 times the standard deviation from the mean of the DMSO controls).
A total of 249 hits was identified using G418 as the antibiotic, representing 0.3% of the compounds tested. These 249 hits were then retested at five different concentrations against G418 and Zeocin, resulting in selection of 68 compounds (0.1%) that protected against both antibiotics. These molecules could be categorized into 9 distinct chemical groups, each representing a unique chemical scaffold. The fact that 7 of the groups contained multiple (between two and four), structurally related hits added to our confidence in the power of the screening assay. Representative small molecules from each class are displayed in Table 1 , along with their EC 50 in the DBCA, and their LD 50 toward HEK cells, as measured in an MTT cell viability assay. None of the representative compounds, with the possible exception of LD49, displayed a significant physical interaction with recombinant PrP immobilized on the surface of a surface plasmon resonance (SPR) chip (supplemental Fig. S1 ).
Hit Molecules from the DBCA Screen Reduce PrP Sc Levels in ScN2a Cells-We tested representative compounds from the 9 groups for their ability to reduce PrP Sc levels in N2a cells chronically infected with either the RML or 22L strains of scrapie prions (Fig. 2, A and B) . Compounds were tested by treating cells for 1 week at concentrations below their limiting toxicity in N2a cells (5, 10, or 25 M) . Congo Red (5 M) was used as a positive control. Three of the compounds (LD71, LD7, and LD49) reduced PrP Sc levels by Ͼ50% in RML-infected ScN2a cells, whereas only LD7 had this effect in both RML-and 22Linfected ScN2a cells ( Fig. 2C ). We therefore decided to focus further efforts on LD7 (Fig. 3A ). Based on its dose-response in ScN2a cells, LD7 had an EC 50 of 5.8 M with respect to inhibition of PrP Sc accumulation, and an LD 50 of 22.4 M (Fig. 3 , B and C). We also found that LD7 permanently cured RML-in-fected ScN2a cells after longer periods of exposure to the drug ( Fig. 3D ). After treating infected cells for one month and observing a rapid decline and the disappearance of PK-resistant PrP Sc , we passed the cells for another month in the absence of LD7 and did not detect the reappearance of PK-resistant PrP Sc .
Structure-activity Relationships of LD7, and Identification of Active and Inactive Derivatives-Thirty-four chemical derivatives of LD7 (supplemental Fig. S2 ) were tested on RML-ScN2a cells at 7.5 M to evaluate their anti-prion activity. The bar graph shown in Fig. 4A displays the compounds from the most potent to the least potent. Fourteen of the tested compounds decreased PrP Sc levels by Ͼ50%, whereas nine reduced PrP Sc levels by 0 -50%. Twelve of the compounds had no effect, or increased PrP Sc levels (maximum of 150%).
Based on these data, we were able to develop a preliminary structure-activity model for the phenyl piperidines ( Fig. 4B ). Two critical requirements for activity are the phenethyl amine at the piperidine nitrogen and the benzyl amine at the C3 position. Modification of either moiety resulted in loss of activity. We observed a number of additional attributes that modulated activity, including increased activity with ortho-substitution of the phenethyl amine and addition of hydrogen bond acceptors at meta and para positions of the benzyl amine. We also found that activity was greater when the benzylic amine was secondary, but activity persisted with a number of alkyl substituents. Interestingly, we did not observe a difference in activity between the R and S enantiomer of LD7 indicating that the absolute stereochemistry of the piperidine is not critical for activity. Based on this structure-activity study we synthesized the most potent compound, JZ107, which had an EC 50 of 3.1 M in both RML-and 22L-infected N2a cells, and an LD 50 of 11.4 M ( Fig. 4C ).
Effect of LD7 Derivatives in the DBCA-We tested the activity in the DBCA of 10 compounds from the LD7 structure-activity series: 5 that were active in the ScN2a assay, and 5 that were inactive. The results did not show a correlation between the activities of the compounds in these two assays (Fig. 4 , D and E).
JZ107 Does Not Alter Total or Cell Surface Levels of PrP C -PrP Sc proliferation requires PrP C as a substrate (36) , so a possible mechanism of action of anti-prion compounds is the reduction of PrP C protein expression or surface localization. We therefore tested the effect of JZ107 (Fig. 5A ) on these parame- . C and D, dose-response curves of the activity of CR, TMPyP, and PPS in the DBCA. Compounds were assayed for their ability to restore cell viability to ⌬CR PrP-expressing HEK cells exposed to G418. Cell viability was measured by MTT reduction. Error bars represent mean Ϯ S.D., n ϭ 3 cultures.
ters. Treatment of N2a.3 cells with JZ107 did not cause a change in PrP C protein levels ( Fig. 5 , B and C) or PrP C surface expression ( Fig. 5D , middle panel). As a positive control, PPS caused a dramatic reduction in surface PrP C (Fig. 5D , right panel), consistent with previously published results (37) .
JZ107 Inhibits PrP Sc -induced Synaptotoxicity-We have recently shown that PrP Sc causes a rapid, PrP C -dependent retraction of dendritic spines in cultured hippocampal neurons, a phenomenon that we contend represents an early manifestation of the synaptotoxic effect of prion infection (38) . As reported previously, incubation of hippocampal neurons with purified PrP Sc , but not with mock-purified material from uninfected brain, caused a dramatic retraction of dendritic spines, as monitored by staining with Alexa-phalloidin, which stains F-actin in the spines (Fig. 6, A and B) . We observed that preincubation of neurons with JZ107, but not the inactive compound, JZ103 (supplemental Fig. S2 ), blocked this effect ( Fig. 6 , C and D), despite the fact that JZ107 had a mild toxic effect on its own (Fig. 6E ). Fig. 6G shows quantitation of spine numbers in this experiment. Although JZ107 by itself reduced spine number by ϳ20% (compare "Mock" to "JZ107" bars), it was able to significantly protect against spine loss in the presence of PrP Sc (compare "JZ107ϩPrP Sc " to "PrP Sc " bars), whereas JZ103 offered no significant protection (compare "JZ103ϩ PrP Sc to "PrP Sc " bars). JZ103 by itself did not exhibit any toxic effect (compare "Mock" to "JZ103" bars).
Inhibitory Activity of Compounds in the RT-QuIC Assay Correlates with Their Inhibitory Activity in the ScN2a Assay-As an adjunct to ScN2a cells for assaying the anti-prion effects of our compounds, we utilized RT-QuIC (real-time quaking-induced conversion), an in vitro assay for the seeding activity of PrP Sc (39) . In this assay, purified, recombinant PrP C is seeded with a small amount of brain-derived PrP Sc under conditions of repetitive shaking, and conversion of the PrP C to a misfolded state is monitored by thioflavin T fluorescence. Although RT-QuIC is typically used as a diagnostic tool to quantitate small amounts of PrP Sc in biological samples (39) , we decided to use it here to measure the anti-prion activity of selected compounds.
We chose 10 different derivatives of LD7, five with inhibitory activity in the ScN2 assay, and five that were inactive. We preincubated the reaction mixture containing recombinant PrP 
Identification of additional small molecules that restore cell viability in the DBCA
Representative compounds from 9 chemical groups that restore viability in the DBCA, identified in a high-throughput screen of 75,000 compounds from the LDDN library. EC 50 and LD 50 values are derived from 12-point dose-response curves performed using the DBCA and the MTT viability assay, respectively. The number of related compounds in each group is given in partentheses: LD7 (3), LD13 (2), LD14 (2), LD15 (4), LD16 (1), LD24 (1), LD49 (4), LD57 (2), LD71 (2).
with each compound at 200 M for 20 min, and then initiated the conversion reaction by addition of scrapie-infected brain homogenate as a source of PrP Sc seeds. We observed that all five of the compounds that were inhibitory in ScN2a cells significantly delayed conversion in the RT-QuIC assay, whereas the five inactive compounds had no effect ( Fig. 7A ). We then decreased the concentration of each compound to 150 or 100 M. At 150 M, three of five of the compounds that suppressed PrP Sc levels in ScN2a cells delayed conversion in the RT-QuIC reaction, including JZ107 ( Fig. 7C) . At 100 M, only one compound, JZ79, delayed RT-QuIC conversion (Fig. 7C ). Notably, JZ107 and JZ79 were among the most efficacious in reducing PrP Sc levels in ScN2a cells (Fig. 4A ). Taken together, these results demonstrate a strong correlation between the inhibitory activity of LD7 derivatives in the RT-QuIC and ScN2a assays ( Fig. 7D ). We also observed that when we omitted the preincubation step, the efficacy of JZ79 at 200 M in the RT-QuIC was diminished, because 2 of 5 wells eventually turned positive ( Fig. 7B ).
Discussion
In this study, we have used a novel assay (DBCA) (23, 24) , based on the cellular toxicity of a mutant form of PrP (⌬105-125, designated ⌬CR), to perform a high-throughput screen of 75,000 compounds to identify those that significantly improved cell viability in the presence of two cationic antibiotics (G418 and Zeocin) normally toxic to ⌬CR PrP-expressing cells. Surprisingly, several of the compounds identified in this screen also proved to be efficacious in reducing PrP Sc levels in scrapieinfected N2a cells. Structure-activity relationships were established for one of these compounds, a phenethyl piperidine (LD7), based on analysis of 34 chemical derivatives, resulting in creation of a molecule, JZ107, that was more potent at reducing PrP Sc levels. We showed that the mechanism of action of JZ107 does not involve decreasing total or cell-surface levels of the precursor molecule, PrP C . Our results using an in vitro PrP C -PrP Sc seeding assay (RT-QuIC) raise the possibility that, although the compound does not bind with high affinity to recombinant PrP in SPR experiments, it might interact with PrP C in a cellular context, perhaps in conjunction with other cell-surface receptors. Altogether, our results establish a new assay, orthogonal to the standard ScN2a test, for discovering anti-prion compounds. Such molecules may have therapeutic potential in both prion and Alzheimer's disease, and may prove useful as tool compounds to further investigate PrP-mediated neurotoxic pathways. 
New Anti-prion Compounds
Over the past 20 years, a number of different approaches to anti-prion therapy have been pursued. Perhaps the most effective has been to reduce the amount of PrP C substrate available for conversion into PrP Sc . The validity of this approach is demonstrated by the key observation that mice in which the PrP gene has been knocked out are completely resistant to prion infection (36) . A second major strategy has been the use of compounds that block the conversion of PrP C into PrP Sc . By far, the most widely employed system for discovering and testing such compounds relies on ScN2a cells, which are chronically infected with scrapie prions. A number of inhibitory com-pounds have been identified using this assay (10, 11) . Some of these compounds bind to PrP C , and may act by sterically occluding critical interactions, or by stabilizing the structure of the folded, C-terminal domain (e.g. glycosaminoglycans, Congo Red, and other sulfonated dyes, nucleic acids, cationic tetrapyrroles, anti-PrP antibodies). Other compounds appear to act by binding to PrP Sc , destabilizing or otherwise altering its structure, and possibly enhancing its clearance (e.g. polyamine and phosphorus-containing dendrimers, polyoxometalates, and polythiophenes). Importantly, there is evidence that many antiprion compounds discovered in high-throughput screens of Fig. 5A . D, DBCA analysis of 10 LD7 derivatives: 5 compounds that were active in the ScN2a assay (green bars) and 5 compounds that were inactive in the ScN2a assay (red bars). Each compound was tested at concentrations of 5 M (filled bars) and 10 M (striped bars). Results are plotted as cell viability relative to cultures not exposed to G418. DMSO was used as a negative control and Congo Red (CR) as a positive control. E, ranking of the 10 LD7 derivatives based on their activity in the DBCA at 5 or 10 M, from most active on the left to least active on the right. Compounds in the green and red boxes were active or inactive, respectively, in the ScN2a assay.
ScN2a cells do not interact with either PrP C or PrP Sc , and presumably target non-PrP molecules (14) . However, in virtually every case, the identity of these targets remains unknown.
We predicted that the DBCA might represent an orthogonal assay that would be useful as a screening tool to identify novel anti-prion compounds, based on our observation that several molecules (PPS, Cong Red, and TMPyP) previously shown to reduce PrP Sc levels in ScN2a cells were also active in the DBCA. For these compounds, there may be a mechanistic connection between their effects in the two assays. For example, both PPS and Congo Red bind to the flexible, N-terminal domain of PrP C , in particular the polybasic region encompassing residues 23-31 (28, 29, 40) . This region is known to be essential both for the toxic activity of ⌬CR PrP in the DBCA (22, 27) , and for productive interaction between PrP C and PrP Sc during the prion conversion process (41, 42) . We found that three of the 68 confirmed hits from the DBCA screen, representing 3 of 9 distinct chemical scaffolds, possessed anti-prion activity when tested in ScN2a cells. It remains to be determined whether the parallel activities of these compounds in the two assays are mechanistically related. When we tested 10 compounds selected from the LD7 structure-activity series, we did not find a close correlation between their activities in the DBCA and ScN2a assays (Fig. 4, D and E) . Regardless of the underlying mechanisms, however, we have shown that the DBCA does have the ability to identify new anti-scrapie compounds, and may therefore represent a useful preliminary filter in drug screening efforts.
What is the mechanism of action of the LD7/JZ107 class of compounds? JZ107 does not alter the levels of total or cellsurface PrP C , suggesting that it does not act by altering the amount or distribution of this precursor, as is the case for some other anti-prion drugs (43) . LD7 and JZ107 do not bind to immobilized, recombinant PrP in SPR experiments, arguing that PrP C itself may not be a high-affinity target for these compounds. Interestingly, however, we found that JZ107 and other active derivatives suppressed PrP Sc -seeded conversion of recombinant PrP C to a misfolded state in the RT-QuIC reaction. In contrast, derivatives that had no activity in the ScN2a assay had no effect on the RT-QuIC reaction. Although we cannot be certain whether the compounds are interacting with the PrP C substrate, the PrP Sc seeds, or both, the fact that the inhibitory effect in the RT-QuIC reaction was partially dependent upon preincubation of the compounds with PrP C suggests the first possibility. Notably, the concentrations of the compounds required to observe an effect in the RT-QuIC reaction were quite high (100 -200 M), well above the EC 50 of these molecules in the ScN2a assay (Ͻ10 M). This discrepancy may be due to the high concentration of recombinant PrP (ϳ6 M) present in the RT-QuIC reaction, compared with what would be present in a cellular context, or to modifications such as glycosylation and GPI membrane anchoring, which could enhance the affinity of cellular PrP C for these molecules. A third possibility is that PrP C functions as part of a complex with other membrane proteins that together constitute high-affinity bind- DECEMBER 9, 2016 • VOLUME 291 • NUMBER 50
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ing targets that mediate the anti-prion activity of the compounds. Ongoing efforts are now directed toward definitively identifying the molecular target(s) for the LD7/JZ107 class of compounds using forward and reverse chemical genetic approaches.
There are several important implications of the work presented here. First, we have used a novel, cellular assay (the DBCA), based on a toxic activity of mutant PrP, to discover a new class of anti-prion compounds using high-throughput screening methods. These molecules may serve as a starting point for therapeutic applications in animals and humans, in conjunction with further optimization of their pharmacodynamic and pharmacokinetic properties. Second, these molecules are potentially valuable tool compounds, which may provide insights into pathways controlling PrP Sc formation and degradation in cells. Finally, the compounds may provide clues to how PrP C mediates the toxic effects of PrP Sc (15) . The fact that these compounds were discovered using the DBCA, which we think is related in some way to alterations in a physiological activity of PrP C , makes it more likely that the compounds will affect processes beyond PrP Sc metabolism. The combination of the DBCA, the ScN2a assay, and the PrP Sc dendritic toxicity assay (38) should allow us to discover additional therapeutic leads that act via novel mechanisms.
Experimental Procedures
Materials-Congo Red was purchased from Sigma (catalog number V000600), pentosan polysulfate (average M r ϭ 4,500 -5,000) from Biopharm Australia Pty Ltd., and Fe(III) meso-tetra(N-methyl-4-pyridyl)porphine pentachloride (TMPyP) from Frontier Scientific (catalog number T40322). The following LD7 derivatives were purchased from Chembridge: LD7A (catalog number 65785139), LD7B (catalog number 11354888), cpd224 (catalog number 22499542), cpd385 (catalog number 38560135), cpd467 (catalog number 46715271), cpd600 (catalog number 60060319), cpd648 (catalog number 64895529), cpd690 (catalog number 69061817), cpd783 (catalog number 78359110), and cpd788 (catalog number 78843565). All other compounds were derived from the LDDN library (see below), or were synthesized (supplemental Figs. S2 and S3 ). Brain homogenate stocks of RML and 22L strains of scrapie were obtained from the TSE Resource Center, Roslin Institute, University of Edinburgh, and were passaged in C57BL6 mice.
Chemical Syntheses-See supplemental Fig. S3 . Drug-based Cellular Assay-For low-throughput analyses (e.g. dose-response curves for selected compounds), the assay was carried out as previously described (23) . Briefly, HEK cells stably expressing ⌬CR PrP were seeded into 24-well plates and cultured for 24 h, after which the medium was replaced with medium containing the test compound, along with either G418 or Zeocin (Gibco) at 500 g/ml. Twenty-four hours later, fresh medium containing G418 or Zeocin and test compound was added for another 24 h. Cells were then washed with PBS, after which MTT (500 g/ml in PBS) was added and allowed to incubate for 30 min. Formazan product was solubilized in DMSO and the A 570 was read on a Synergy H1 Plate Reader (Biotek). Cell viability was assessed relative to controls without G418 or Zeocin.
High-throughput Screening-We adapted the DBCA to a 384well format to allow high-throughput screening of compound libraries. To arrive at the optimal assay, stably transfected HEK cells expressing ⌬CR PrP were treated with drugs (G418 or Zeocin) over a range of concentrations and times, and toxicity was scored by measuring cell viability. After experimenting with several different read-outs, we settled on a luminescent cell viability assay (CellTiterGLO, Promega), which uses ATP generation to score viable cells. We compared different assay procedures in terms of their coefficient of variation, dynamic range, and signal-to-noise ratio. The optimized format had an average ZЈ factor of 0.71 Ϯ 0.09, which is in the desired range for high-throughput screening.
In the optimized assay, stably transfected HEK cells expressing PrP ⌬CR are seeded in 384-well plates at a density of 5,000 cells per well. After 24 h, test compounds are added to the wells at a final concentration of 1 M, followed by G418 (625 g/ml). This concentration of antibiotic was sufficient to induce 50% cell death in ⌬CR PrP-expressing HEK cells, and was not toxic to HEK cells expressing WT PrP or vector. Cells were maintained for 48 h after treatment prior to cell viability assays. Negative control wells contained cells expressing ⌬CR PrP that were not treated with G418. As positive controls, some wells were treated with pentosan sulfate and G418. Compounds were scored as positive if they reduced cell death by at least 50% (after subtraction of negative control values).
Automation of the assay allowed a throughput of up to 50 384-well plates per run, with 3 runs per week. Cells were plated using blank tissue culture-treated plates using a multidrop dispenser (ThermoFisher). A Beckman NX liquid handling system with 384-well head was used to transfer test compounds, G418, and CellTiterGLO detection reagent to the assay plate containing cells. A threshold of 50% inhibition of cell death was selected for identifying hits, which is Ͼ3 times the mean Ϯ S.D. of the DMSO controls.
Compounds that were positive in the primary screen using G418 were re-tested using Zeocin. EC 50 and LD 50 values were then calculated from dose-response curves using fresh stocks of each compound.
Small Molecule Library-The LDDN compound screening library consists of 159,488 compounds purchased or collected from a variety of sources, half of which were screened for this study. This library has been used successfully in a number of previous drug screening campaigns. The sources of the library compounds are as follows: ChemDiv (73628), ChemBridge (24130), Prestwick approved bioactives (640), Specs natural products (486), CEREP (4800), Maybridge (17462), Bionet (6909), Peakdale (3603), Advanced Syntech N-Ac tetrapeptides (4096), Enamine (6024), Life Chemicals (6153), Microsource NINDS collection (2000), as well as various academic institutions from the United States, France, and India (2442) and the LDDN (1563). Most of the compounds were selected based on adherence to Lipinski's rules (i.e. M r Ͻ 500, log p Ͻ 5, H-bond donors Ͻ 5, H-bond acceptors Ͻ 10), low proportion of compounds containing known toxicophores or reactive functional groups (e.g. epoxides, alkyl halides, Michael acceptors) and predicted solubility. Attempts were also made to select compounds with predicted blood-brain barrier penetration (e.g. LogP ϭ 2-4) and polar surface area Յ 90 Å 2 . In addition, attempts were made to maximize molecular diversity by selecting a wide variety of structures from various sources and from a variety of molecular scaffolds (including saturated and unsaturated heterocycles, natural products, tetrapeptides etc.). Last, the collection includes a 2000-member fragment library, which is compliant with the "Rule of Three" criteria for fragment libraries: M r Յ 300, cLog p Յ 3, H-bond acceptors Յ 3, H-bond donors Յ 3, rotatable bonds Յ 3, and polar surface area Յ60 Å 2 (44) .
ScN2a Cell Assay-We previously isolated a sub-line of N2a cells (designated N2a.3) that were highly susceptible to scrapie infection. These cells were chronically infected by exposure of confluent cultures to RML or 22L brain homogenate (final concentration, 0.5%) for 24 h, followed by passaging twice per week in Opti-MEM (Gibco) supplemented with 10% FCS and penicillin/streptomycin. Cells were checked monthly by Western blotting for the continued presence of PrP Sc , and when PrP Sc levels decreased, a new vial of frozen cells was thawed. Cells were maintained in an atmosphere of 5% CO 2 , 95% air at 37°C.
ScN2a cells infected with RML or 22L scrapie were plated in 6-well plates (Thermo Fisher) by splitting at a 1:5 ratio from a confluent flask. The cells were treated for 3 days with test compounds, or with DMSO vehicle as a negative control and Congo Red as a positive control. They were then split at a 1:5 ratio, and treatment with compounds in fresh medium was continued for 4 more days. At the end of this 7-day treatment period, cells were lysed in 300 l of lysis buffer (0.5% Nonidet P-40, 0.5% deoxycholate, 10 mM Tris-HCl, pH 8, and 100 mM NaCl), and protein concentration was measured using the BCA assay (Thermo Fisher, catalog number 23225). Samples of 250 l adjusted to contain equal amounts of protein were digested with 40 g/ml of PK at 37°C for 1 h. Digestion was stopped by addition of 25 l of ϫ10 complete protease inhibitor mixture (Roche), and samples were centrifuged at 180,000 ϫ g at 4°C for 1 h. Pellets were dissolved in 20 l of 1ϫ Laemmli loading buffer (Bio-Rad) and were boiled for 3 min before loading on 12% SDS-PAGE precast Criterion gels (Bio-Rad). Western blotting was performed according to standard procedures. PrP Sc was detected using the anti-prion antibody D18 (45) and HRPcoupled, anti-human secondary antibody (Jackson ImmunoResearch, catalog number 109-035-088).
To test the ability of LD7 to permanently cure infection, RML-ScN2a cells were plated as above, and then treated for 31 days with LD7 (10 M) (or DMSO as a negative control), and then for another 31 days without compound. Every 3 or 4 days, each well was split into two new wells at a 1:5 ratio. One of these wells was carried onto the next passage, whereas the cells in the other well were lysed for analysis of PrP Sc by Western blotting as described above.
Effect of Compounds on Cell Viability-RML-ScN2a cells or HEK cells expressing ⌬CR PrP were plated in 12-well plates, and treated for 4 days with compounds over a range of concentrations. After 4 days, cells were washed with PBS, and then MTT was added (500 l at 0.5 mg/ml) for 30 min at 37°C. The MTT reagent was then replaced by 500 l of DMSO, and wells were incubated for 10 min at 37°C. 200 l of the contents of each well were transferred into a 96-plate, and the A 570 was read on a plate reader (Biotek Synergy-H1).
Assays of PrP C Levels and Localization-N2a.3 cells at 20% confluence were treated for 3 days with test compounds, and then treatment was continued for an additional 4 days after splitting at a 1:5 ratio into 6-well plates for analysis of PrP C levels by Western blotting, or into 8-well Lab-Tek II chamber slides (Thermo Fisher) for analysis of PrP C localization by immunofluorescence staining.
For Western blotting, cells were lysed in 300 l of lysis buffer (0.5% Nonidet P-40, 0.5% deoxycholate, 10 mM Tris-HCl, pH 8, and 100 mM NaCl) containing the complete protease inhibitor mixture (Roche), and protein concentration was measured using the BCA assay (Thermo Fisher). The protein concentration was normalized for all samples in a final volume of 20 l. Samples were then mixed with 20 l of 2ϫ Laemmli loading buffer (Bio-Rad), and boiled for 3 min before loading on 12% SDS-PAGE precast Criterion gels (Bio-Rad). Western blotting to reveal PrP C was performed using D18 primary antibody (45) and HRP-coupled anti-human secondary antibody. To further normalize for protein loading, actin was detected using an antiactin antibody (Sigma, catalog number A2228) and HRP-coupled, anti-mouse secondary antibody (Sigma, catalog number A0168). Signals for PrP C and actin were quantitated using ImageJ.
For immunofluorescence staining of cell-surface PrP C , live cells were labeled with D18 antibody (45) for 30 min on ice, then washed with PBS prior to fixation for 10 min in 4% paraformaldehyde. After 3 more washes with PBS, cells were incubated with Alexa 594-conjugated goat anti-human secondary antibody (Life Technologies) for 1 h at room temperature. After 3 more washes, nuclei were stained by incubating cells for 10 min with Hoechst 33342 (Thermo Fisher, catalog number 62249) at 1 g/ml. Cells were then washed 3 times with PBS, after which the chamber dividers were removed, and a coverslip applied with mounting medium.
Synaptotoxicity of PrP Sc -Cultures of hippocampal neurons and purified PrP Sc from infected brains were prepared as described previously (38) . Neurons were preincubated for 2 h with 5 M JZ107 or JZ103 (or DMSO vehicle for the controls), after which 4.4 g/ml of PrP Sc (or a mock-purified control sample from non-infected brains) was added for 24 h. Neurons were then fixed in 4% paraformaldehyde and stained with Alexa 488phalloidin (Thermo Fisher) to visualize actin in dendritic spines. Images were acquired using a Zeiss 700 confocal micro-scope with a ϫ63 objective (N.A. ϭ 1.4). The number of dendritic spines was determined using ImageJ software. The number of spines was normalized to the measured length of the dendritic segment to give the number of spines/m. For each experiment, 15-24 neurons from 3 individual experiments were imaged and quantitated.
Surface Plasmon Resonance-Binding assays were performed on a ProteOn XPR36 Protein Interaction Array System (Bio-Rad). GLH chips (Bio-Rad) were prepared for protein coupling according to the manufacturer's directions. Briefly, cleaned chips were activated by injecting 200 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and 50 mM N-hydroxysuccinamide (EDC-NHS) in sterile water, followed by protein (5 M recombinant mouse PrP C in 20 mM sodium acetate 4.5, prepared as described (46)), and finally deactivation with a solution of 1 M ethanolamine. All interactions were measured in PBS, pH 7.2, containing 0.05% Tween 20 (PBST). Compounds were diluted in PBST and injected over the PrP C -coupled surface. Background binding was subtracted by referencing against control spots with no protein and no compound.
RT-QuIC Assay-Recombinant hamster PrP was expressed and purified as described previously (39) . The concentration of recombinant PrP was determined by measuring absorbance at 280 nm. Purity was Ն99%, as estimated by SDS-PAGE, immunoblotting (data not shown), and circular dichroism (data not shown). The protein was aliquoted and stored at Ϫ80°C at a concentration of 0.3 mg/ml.
Ten percent (w/v) brain homogenates were prepared from RML-infected brain in homogenization buffer (1ϫ PBS, 1 mM EDTA, 150 mM NaCl, 0.5% Triton X-100) containing protease inhibitor mixture (Roche, catalog number 11836170001). Homogenates were then clarified by centrifugation for 2 min at 2,000 ϫ g, and the supernatants aliquoted and stored at Ϫ80°C.
RT-QuIC reactions were performed in 96-well plates as described previously (39) . Prior to loading samples into the wells, a master mix was prepared for each condition, with the following final concentrations of each component: 1ϫ PBS, 1 mM EDTA, 10 M ThT, 170 mM NaCl, 0.1% DMSO, 6 M hamster PrP, and the test compound at the indicated concentration (100 -200 M). Samples were preincubated for 20 min at room temperature to allow the PrP C and test compound to interact, after which reactions were initiated by addition of RML brain homogenate (final concentration of 0.0002% w/v). In some experiments, preincubation was omitted. One hundred microliters of the final master mixture was then loaded into each of 5 replicate wells. Plates were sealed with a plate sealer film (Nalgene Nunc International, catalog number 265301), and were incubated in a BMG Polarstar plate reader at 42°C for 116 h with cycles of 1 min of shaking (700 rpm double orbital) and 1 min of rest. ThT fluorescence measurements were taken every 15 min (450 Ϯ 10 nm excitation and 480 Ϯ 10 nm emission; bottom read; 20 flashes per well; manual gain of 1800; 20 s integration time). To quantitate the effect of test compounds on conversion, we adopted a threshold method. For each replicate, we determined the time at which the ThT signal exceeded a 50,000-absorbance unit threshold value. For wells in which the conversion was totally inhibited, we used the last time point of the experiment (ϳ116 h). Data were analyzed using GraphPad Prism 6.
